Introduction
Serious adverse drug reactions (ADRs) represent an important problem for clinicians and for the drug development process. Since these are rare, case series for the analysis of risk are generally accrued across multiple institutions. Thus, a key step in this process is the development of standard phenotype definitions. To facilitate this, the International Severe Adverse Event Consortium (iSAEC) has initiated a phenotype standardization project to improve case ascertainment of different types of serious ADRs. 1 For each ADR phenotype, a group of investigators with expertise in relevant disciplines (clinical and basic science; regulatory affairs) was convened to develop, in a pragmatic fashion, a standardized case definition with the goal of enhancing the recruitment and usability of data sets for future genomic analysis. This manuscript describes the consensus phenotype definition for the relatively rare but potentially life-threatening ADR of drug-induced torsades de pointes (DITdP), the syndrome of polymorphic ventricular tachycardia (VT) associated with QT-interval prolongation and T-wave abnormalities. Torsades de pointes (TdP) may be self-limited arrhythmia or progress to ventricular fibrillation (VF) and cardiac arrest. It is most often caused by the use of QT-prolonging anti-arrhythmic drugs (e.g. quinidine, sotalol, dofetilide, and ibutilide), 2, 3 but can also occur with a wide variety of non-cardiovascular drugs including antibiotics/anti-infectives (erythromycin, clarithromycin, pentamidine), antipsychotics (thioridazine, haloperidol), and antihistamines (terfenadine, astemizole). 2, 3 A comprehensive list of drugs with a known or potential risk for TdP is maintained at www.QTdrugs.org. Approximately 1-5% of patients treated with QT-prolonging anti-arrhythmic drugs will develop TdP. 2, 3 The overall incidence of DITdP with 'non-cardiovascular' drugs, however, seems much smaller and has not been accurately determined due in part to the fact that most cases reported are not well characterized or are mainly derived from epidemiological and post-marketing surveillance studies 4 and therefore have not been ascertained in a consistent fashion. Common clinical risk factors for DITdP are listed in Table 1 .
The often sporadic and seemingly unpredictable nature of DITdP and the parallels between DITdP and arrhythmias seen in congenital long-QT syndrome (LQTS) suggests that some patients are genetically predisposed to the ADR. This is further supported by reports that LQTS disease-associated mutations are identified in a minority of DITdP cases, often with normal QT intervals after drug withdrawal. 5 -9 The overall prevalence of LQTS-associated mutations is 10% but this varies from 3 to 40% depending on the cohort studied. Other genomic biomarkers may, however, be involved. KCNE1 D85N, a more common rare variant of the LQTS-associated gene, has been associated with DITdP in white Caucasians. 10 In addition the single nucleotide polymorphism (SNP), SCN5A S1103Y has been associated with the risk of acquired arrhythmia including DITdP in black Americans. 11 More recently SNPs around the NOS1AP, a gene previously linked with QT-interval variation in the general population, have been associated with the risk of drug-induced ventricular arrhythmias in white Caucasian patients receiving amiodarone therapy.
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A vital first step in identifying these markers is a comprehensive genetic analysis of a large and diverse patient database in which reported DITdP cases are identified based on a standard set of phenotypic characteristics. Once these definitions are in place, cases can be amassed in a large, well-defined cohort that can then undergo a genome-based study to identify genetic markers. Studies to date have been hampered by the lack of a uniform case definition and by frequent failure of individual sites to collect possible covariates such as those listed in Table 1 . The identification of genetic factors (acting in combination with known environmental and clinical factors) is important because (i) it may ultimately be feasible to pre-screen patients for genetic variability to further guide clinical practice and eventually reduce the overall incidence of DITdP and (ii) it will provide insights into the mechanisms of DITdP, which may ultimately provide lessons for future drug development.
We present here the minimum phenotypic characteristics of DITdP cases for inclusion in these studies, along with recommendations for the collection of clinical cofactors; consistent use of phenotype definitions such as this will enable thorough and global investigations into the clinical and genetic predictors of DITdP.
Consensus process
The consensus process used to develop the DiTdP phenotype was similar to that recently described for other iSAEC phenotypes. 1, 13, 14 Briefly, iSAEC represents a collaboration among the Wellcome Trust, the US Food and Drug Administration (FDA), pharmaceutical companies, and academic institutions. The consortium organized a face-to-face meeting of experts in various phenotypes including DITdP. The members of this expert working group (EWG) comprised individuals from academic medicine and regulatory agencies with expertise in cardiology and clinical electrophysiology, pharmacoepidemiology, pharmacogenomics, and pharmacovigilance. The task of the DITdP EWG was to define minimum phenotypic requirements that would allow accurate identification of patients with DITdP and to develop a corresponding algorithm to assist in the recruitment of such cases for the database. 1 Expert working group participants also generated a set of recommendations for clinical cofactors to be included in the ascertainment process for accurate and comprehensive phenotyping. Participants were asked to consider these criteria in the context of both prospective and retrospective recruitment strategies where data may be largely extracted from medical notes. Following the meeting, the phenotypic criteria and algorithm were circulated to all participants for revision and approval.
Other methodological considerations
In determining phenotypic requirements, the group recognized that a competing research and regulatory question was the variability in the change in QT interval after a drug challenge; indeed, exaggerated QT prolongation [e.g. QTc corrected by Bazett's formula (QTcB) . 500 ms] during drug exposure or an increase in the QTc interval (DQT) of .60 ms are considered markers for increased scrutiny for the potential susceptibility to arrhythmias during drug development. 13 The group elected to focus on the accrual of subjects with documented or suspected TdP rather than on the issue of variable QT responses in the absence of an arrhythmia. This represented a more important and clinically relevant endpoint than QT prolongation alone, which was viewed as an imperfect marker of potential risk. Expert working group participants considered that by definition the DITdP phenotypes identified do introduce a bias, i.e. selection, for survivors. Therefore, the EWG agreed that post-mortem cases should be included in the database if enough information (e.g. ECG data including the QT interval prior to and upon the initiation of a suspected culprit drug, and supporting the presence of TdP) to establish a case as DITdP is available; however, it was also noted that all cases-prospective or retrospective-should be submitted for inclusion only after review by a physician (generally an arrhythmia specialist/electrophysiologist) familiar with the criteria outlined here.
The causality assessment was not formally considered by the participants in the DITdP group. Clearly, both drug-and non-drug-induced aetiologies for TdP are important. Attributing TdP to a drug is often complicated by the presence of other factors or possible causes, including underlying heart disease, comedications, comorbid conditions (such as hypokalaemia or bradycardia), and sudden death. The EWG took the position that even in the presence of such conditions, the development of TdP after administration of a suspect drug could still be a case of DITdP. Confirmation of drug causality requires an assessment of temporal relationships, withdrawal of drug exposure, exclusion of other causes, and a determination of potential previous reports of DITdP with the drug (or drugs from the same class) in question. Because of the potentially fatal nature of TdP, 'rechallenge' which is an important aspect of causality assessment is generally impractical. 15 The temporal relationship is particularly important if TdP occurs after the initiation of drug therapy although delayed or 'late proarrhythmia' has been described with quinidine and non-cardiac drugs. 16, 17 A causal association can also be strengthened by the presence of QT prolongation during drug exposure, and at least partial resolution of QT prolongation, as well as THE cessation of TdP with drug withdrawal. The time course will, however, be dependent on the pharmacokinetic behaviour of the drug and its pharmacology including the interactions with multiple ion channels. 18 For a genetic analysis, cases ascertained using the standard criteria outlined here could be compared with several control groups: † population controls matched for age, gender, BMI, and comorbidities; † patients in whom drug exposure does not result in marked lengthening of the QTc interval (e.g. ,500 ms or DQTc , 60 ms relative to the baseline).
Because of the rarity of DITdP, population-based controls where genome-wide SNP data are freely available may be utilized in a similar fashion to other phenotypes even though there will not be a history of drug exposure and QT prolongation available. 17 The EWG largely focused on the case definition and did not further consider the statistical design of such studies.
Description of phenotype Characterization of torsades de pointes
Torsades de pointes is characteristically preceded by a series of 'short-long-short' R-R interval cycles ('pause dependent' phenomenon) and is linked with QT-interval prolongation. 19, 20 Pausedependent changes in T-wave morphology and late coupled ventricular ectopy are common associated features. 21, 22 It is often slower (160-240 b.p.m.) than coarse VF. 19, 20 Figure 1 shows three surface ECG recordings each with an arrhythmia that displays TdP-like characteristic 'twisting of the points', a beat-to-beat slow shift in the QRS electrical axis; however, only one of these is a true case of DITdP. The polymorphic morphology of TdP may not, however, always be evident, particularly when the arrhythmia is recorded in only one or two ECG leads or on implantable cardiovertor defibrillator (ICD) stored electrograms. A pause-dependent tachycardia associated with severe QT prolongation may therefore appear to be 'monomorphic' but in fact represents TdP. 23 These diagnostic difficulties reinforce the need for documentation of the index arrhythmia event and for adjudication by expert physicians familiar with the nuances of the ECG diagnosis.
Identifying suspected cases of drug-induced torsades de pointes for genetic evaluation
Based on the present understanding of the clinical features of DITdP and its risk factors, the EWG developed an algorithm to identify cases of DITdP ( Figure 2 ). This algorithm identifies the minimum phenotypic requirements of candidate patients, whether cases originate from electronic medical records or from practising physicians and arrhythmia specialists. The minimum proposed requirements are the following: † The possible DITdP event must have occurred during treatment with a known QT-prolonging drug, including amiodarone, and/ or a drug suspected of causing QT prolongation. † Upon drug withdrawal, arrhythmias abate and there is at least partial resolution of the QT prolongation that is clinically significant in the opinion of an arrhythmia specialist. † Arrhythmia documentation must be reviewed by an appropriately experienced physician/electrophysiologist.
Three clinical phenotypes for suspected DITdP (A, B, and C) were then defined (see below and Figure 2) . In A, typical TdP was documented, while B and C are proposed as categories with increasingly incomplete documentation as illustrated. At all times, QT prolongation had to be present (as above) but at least partially resolve with drug withdrawal, in a time course consistent with the pharmacology of the drug. Arrhythmia or syncope should also similarly resolve. The Bazett formula for QTcB was retained because of its established role in clinical practice, although other correction methods, such as Fridericia's formula (QTcF) are often required for regulatory needs. † Phenotype A was defined as 'classical DITdP' where the pausedependent onset of polymorphic VT (at least five beats) with associated QT prolongation is documented with or without resuscitation and/or subsequent VF and cardiac arrest. † Phenotype B was defined as 'probable DITdP' where polymorphic VT and/or VF have been documented but the onset of TDP has not been seen. QT prolongation must nonetheless have been documented. † Phenotype C was defined as 'possible DITdP' as ventricular arrhythmia has not been documented sufficiently but a history of unexplained syncope with no vagal or neurological features has been elicited with severe QT prolongation on the ECG (QTc .550 ms).
The presence of associated features, as described in Tables 2 and 3 , is important and should be documented. This includes exposure to transient exacerbating factors such as hypokalaemia, bradycardia, and recent conversion from AF, and the presence of structural cardiac disease or the congenital long QT syndrome. The inclusion Figure 2 Algorithm to identify cases of drug-induced torsades de pointes.
iSAEC phenotype standardization project of cases with subsequent fatal outcomes would be acceptable provided other criteria were met. In cases with atrial fibrillation the QT interval will be measured manually at as stable heart rates as possible by averaging the QT and RR intervals of up to 10 cardiac cycles.
Case submission and clinical cofactors
The genetic basis of DITdP is under investigation by the iSAEC. However, we hope this guidance will also be of use to other researchers who may be working individually or within their own consortia-standardization across different research consortia will allow for future collaboration and individual patient data meta-analysis. Submission of a case to the iSAEC database will need to meet criteria outlined above and in Figure 2 , as well as ECGs documenting QT prolongation by drug, TdP, and any other associated features. For ECG documentation, a 12-lead ECG for QT measurements and TdP registration in more than a single lead are considered ideal, but single-lead tracings are acceptable if unambiguous. Table 1 lists information required for submission as essential clinical data for confirming the phenotype, whereas data listed in Table 2 are considered desirable but not essential. A web-enabled data collection tool will be organized by the iSAEC to allow investigators to rapidly and efficiently provide this information. This will be part of 2012-14 work with the NIH/NCBI/EBI/PharmGKB to create a comprehensive, integrated drug safety-related database in the near future. The case will then be reviewed by an expert panel of clinicians led by the cochairs of the EWG to include or exclude the case according to the phenotype definitions. The iSAEC will act as the repository for data. DNA will be aggregated by a central academic coordinating centre. Once accepted, cases will be entered into genome-wide characterization in conjunction with the iSAEC. Rejection by the expert panel will be fed back with reasons to the reporting physician. Any identified rare genetic variation consistent with a diagnosis of the congenital long QT syndrome will be reported to the enrolling clinician if requested. 
Concluding remarks
Using a consensus approach, a minimum set of phenotypic criteria to allow diagnostic standardization of the potentially fatal drug-induced arrhythmia known as TdP has been identified. The creation of consensus standardized criteria is necessary for facilitating accurate patient recruitment for pharmacogenetic studies, with the ultimate goal being to genetically identify those patients who are at an increased risk for developing DITdP. Such 'personalized medicine' may seem a distant goal, but it is only through a global and standardized effort can we make this a reality.
